Introduction {#s0001}
============

Workers have received inadequate attention in the literature on climate change and public health.[@cit0001] To address this deficit, in 2009, a preliminary framework for how climate change could affect worker safety and health was developed.[@cit0002] That framework was based on an assessment of the scientific literature published from 1988--2008. Seven categories of climate-related hazards were identified: (1) increased ambient temperature; (2) air pollution; (3) ultraviolet radiation exposure; (4) extreme weather; (5) vector-borne diseases and expanded habitats; (6) industrial transitions and emerging industries; and (7) changes in the built environment. In addition to identifying these seven categories, the framework charted areas where the occupational safety and health field could address occupational hazards of climate change. These areas included alteration of standards, modification and improvement of hazard controls including personal protective equipment (PPE), development of acclimatization procedures, new research directions, development of new hazard control guidance and hazard communications, development of early warning systems and surveillance, and increased emphasis on prevention through design.[@cit0002]

This article updates and strengthens the 2009 framework with a review and assessment of the peer-reviewed literature from 2008--2014 for each of the seven-climate related occupational safety and health hazard categories. Recent examples of hazards in each of the climate-related categories are provided. Some recent reports from authoritative organizations on environmental and public health issues of climate change now include workers as vulnerable populations.[@cit0003] However, awareness of the potential work-relatedness of hazards with climate change is not widely known and needs further emphasis.[@cit0001]

The update of the literature supporting the framework involved searches of the following information and databases for English language articles: ABI/Inform; Compendex; Embase; Environment Abstracts; Environmental Science Journals; Global Health; Health & Safety Science Journals; NIOSHTIC-2; PubMed; Risk Abstracts; Scopus; Toxicology Abstracts; Toxline; and Web of Science. The seven categories of climate-related occupational hazards identified in the 2009 framework were used as the search terms.[@cit0002] In addition, literature was searched relevant to the topics of mental health implications, economic burden, and the potential impact on workers of geoengineering (climate intervention).

Beyond increased awareness, there is need for more strategic thinking about actions that prevent or reduce risk to workers resulting from climate change. While there are still uncertainties about climate change models, climate change is likely to result in increasing prevalence, distribution, and severity of known occupational hazards, and new unanticipated hazards may emerge.[@cit0002] Employment increases are likely in jobs intended to mitigate or respond to consequences of climate change. Workers may consequently be exposed to extreme conditions that the general public can elect to avoid. Impacts to workers will include the direct effects of climate change-potentiated occupational hazards such as increased ambient temperatures. Indirect climate-change-associated occupational hazards are also likely to occur from industrial transitions, emerging industries, and changes in the built environment. How to address these anticipated impacts is an important question. Identification of gaps related to specific hazards, their severity, and location of populations at risk and identification of information and communication tools that will protect workers are also needed. This article provides priorities for action to address these issues.

Occupational health hazards and effects related to climate change: 2008--2014 {#s0002}
=============================================================================

Increased ambient temperatures {#s0002-0001}
------------------------------

The global mean earth surface air temperature has increased during the past 100 years and the resultant deleterious heat-related effects including deaths in workers have been well established.[@cit0009] Many workers spend their entire work shift in a variety of indoor and outdoor hot environments that may become hotter because of ambient rising temperatures, increases in extreme heat events, or shifting and expanding hot seasons. For many workers, occupational exposures to heat and humidity may be more hazardous than community exposures because workers generally have less control of exposures in their work activities.[@cit0011]

Outdoor workers in particular have been considered at high risk of adverse impacts in part because of their increased exposure to heat and humidity and work that may involve heavy exertion.[@cit0013] The Occupational Safety and Health Administration conducted a limited assessment of outdoor heat-related fatalities and identified 106 deaths in the United States from 2008--2014 (<https://www.osha.gov/SLTC/heatillness/map.html>). In [Figure 1](#f0001){ref-type="fig"}, the locations of these deaths are mapped along with the projected number of days/year in 2020 with temperatures that exceed 90°F. The number of days with temperatures above 90°F is projected to increase. Since most fatalities between 2008 and 2014 occurred in areas that are projected to have increased number of days above 90°F it is likely that more fatalities may occur in the future. For workers who may have second jobs or live in homes that lack efficient cooling or have high humidity, heat stress and susceptibility to heat-related illnesses may be even higher, and may be further complicated by the urban heat island effect (i.e., built-up areas releasing heat absorbed during the day and night).[@cit0014] Some workers who perform heavy labor in outdoor and indoor hot environments and are paid a piece rate (like many transient or immigrant farm workers), and those who have poor health and economic conditions with few or non-existent bargaining possibilities, may also be particularly vulnerable to adverse effects. These workers may choose to decline rest and water breaks if they negatively affect their income.[@cit0011] Also, unacclimatized new workers or workers with less employment tenure have been shown to have proportionally more heat-related illness.[@cit0016] Figure 1.Individual outdoor heat-related fatalities 2008--2014 on projection of number of days above 90°F in 2020.

Heat stress (i.e., the sum of metabolic heat plus environmental heat, minus the heat lost from the body to the environment) can result in heat-related illnesses such as heat stroke, heat exhaustion, heat syncope, heat cramps, heat rash, or death. Heat exposures can also increase the risk of workplace injuries, such as those caused by sweaty palms, fogged-up safety glasses, dizziness, and reduced brain function.[@cit0017] Excess heat reduces work capacity and productivity in heat-exposed jobs, and may result in the loss of income, leading to adverse mental health and economic effects.[@cit0018] On average, working capacity of heat-exposed workers is expected to decrease globally over the rest of this century.[@cit0012] For some workers, like those in healthcare or emergency response, the need to work at maximum capacity during extreme heat events or natural disasters, often while wearing personal protective clothing or equipment, may cause additional mental and physical strain.[@cit0024]

Changes to the body\'s core temperature can alter the absorption, distribution, metabolism, and excretion of toxicants such as pesticides.[@cit0025] Increases in respiration can lead to additional toxicant exposure through inhalation, and increases in sweat and skin blood flow can lead to more efficient transcutaneous absorption of toxicants.[@cit0025] High temperatures may also accelerate dispersion of pesticides and increase the density of airborne particles. Some workers may be more likely to not use PPE, or not use it correctly because of discomfort from the heat.[@cit0026] In addition to pesticides, other airborne pollutants may put additional strain or have exacerbated health effects in exposed workers in hot environments.[@cit0024] Bourbannais et al.[@cit0028] identified 136 occupations with high potential of simultaneous exposure to heat and chemicals. Workers in metal manufacturing and roofing and firefighters were in the highest risk category.

There is a substantial history of standards and guidance related to heat stress and hot environments[@cit0017] In recent years, a number of new efforts have occurred, such as updated regulation from the California Department of Industrial Relations (<https://www.dir.ca.gov/title8/3395.html>); interest in a risk assessment strategy that considers the link between meteorological conditions and International Organization for Standardization heat stress standards; the development of a Thermal Climate Index based on a model of human thermoregulation;[@cit0034] and an updated NIOSH heat stress criteria document.[@cit0017] This new guidance from the National Institute for Occupational Safety and Health (NIOSH) reaffirms the 1986 recommended exposure limit/recommended alert limits and reflects increased awareness about physiological changes that result from heat stress, specifically involving better understanding of the central nervous system, circulatory regulation, the sweating mechanism, water and electrolyte balance, and dietary factors. Recent literature supported updates and updated guidance on hydration, the definition of exertional heat stroke, risk factors associated with heat-related illness, and the effects of heat on toxicological responses.[@cit0017]

Air pollution {#s0002-0002}
-------------

Air pollution and climate change have complex interrelationships. In a reciprocal interplay, various air pollutants increase global warming and global warming leads to formation of various pollutants.[@cit0036] Climate change resulting in rising temperatures and an increased wildland fire season, unless mitigated, is projected to have the following effects on national air quality levels: produce 2--8 part per billion increases in summertime average ground-level ozone concentrations in many regions in the U.S.; further exacerbate ozone concentrations on days when weather is already conducive to high ozone concentrations; lengthen the "ozone season", and produce increases and decreases in particle pollution over different regions in the U.S.[@cit0037]

The impact of ambient air pollution on workers has not been assessed comprehensively, but information on the number of premature deaths related to ozone and PM~2.5~, may make it possible to distinguish general population risk areas by state and geographic regions to infer risks to workers.[@cit0039]

Outdoor work in hot environments have increased respiratory rates and thus may be more affected by air pollution than other members of the general population. Since 2008, the role of climate change and air pollution has been better defined and characterized although many questions still remain.[@cit0040] In addition to other hazards, wildland firefighters\' exposures to air pollution continues to be an area of research and concern.[@cit0043] The base camps in which these firefighters live may contribute to their particulate matter exposures via vehicle emissions, dust, and generator use.[@cit0044] Climate change is thought to contribute to the recent increase in intensity and duration of wildland fires and this is expected to continue.[@cit0045]

Temperature increases associated with climate change can also affect indoor workers\' exposure to air pollution during their work and non-work times, while traveling to and from work, and from pollutants in their work environment.

Ultraviolet radiation exposure {#s0002-0003}
------------------------------

The complex interaction of greenhouse gases, climate change, and stratospheric ozone depletion, results in increased ultraviolet (UV) radiation that can affect all people, particularly outdoor workers.[@cit0046] However, while at present UV levels are still increased relative to the 1960s, terrestrial UV radiation is projected to decrease in the 21st century.[@cit0047] This change is in part due to the decrease in ozone-depleting chemicals in the atmosphere. Even though the Montreal protocol of 1987 led to reduction of these gases, they still have long lifetimes and "normal" ozone levels are not likely to occur for several decades.[@cit0048] Moreover, the recovery may be longer in northern latitudes and in the Arctic.[@cit0048] Because increased numbers of workers are projected to be working in the Arctic, more will be at risk of UV-related health effects (<http://live.laborstats.alaska.gov/occfcst/index.cfm>). Additionally, by the year 2100, "models predict that UV radiation will have increased in the tropics (where current UV radiation is already intense) and to have decreased at polar latitudes ..."[@cit0046] There is a strong interaction between stratospheric ozone-depletion and change in climate induced by greenhouse gas-induced climate change.[@cit0050] The risks from these interactions are unknown and still require investigation.[@cit0046] Overexposure to UV radiation can increase the risk of eye damage (e.g., cataracts and photokeratitis), skin and other cancers, sunburn, and immune suppression.[@cit0051] It is therefore likely that outdoor workers will have higher exposure to UV radiation as a result of climate change and will be at higher risk for adverse health effects for decades.[@cit0048] To the extent that climate change and planetary warming increase temperatures, more fair-skinned people may be exposed to UV radiation and be at risk of skin cancers.[@cit0052]

Airline pilots\' UV exposure will increase to the extent to which human activity and climate change affects stratospheric ozone layers. A few studies have demonstrated that airline pilots are at risk of adverse health effects in their eyes from exposure to UV radiation. Hammer et al.[@cit0053] noted some evidence of increased melanoma occurrence in professional pilots. Chorley et al.[@cit0196] concluded that pilots flying in daylight hours are exposed to solar radiation that is 2 or 3 times greater at cruising altitudes compared to exposures at sea level. Although pilots are protected by the aircraft windshield which blocks most UVB radiation, there is no standard for the optical transmission properties of the aircraft windshields. Development of such a standard is important to protect pilots from UV radiation. It is known that UV radiation increases by 10--12% every 1,000 meters of altitude and thereby subsequently affects pilots.[@cit0056] Therefore, UV radiation at 10,000 m of altitude for commercial aircraft may be 2--3 times higher than at sea level.

Extreme weather {#s0002-0004}
---------------

Weather events such as storms, floods, landslides, droughts, and wildfires have been linked to climate change and are likely to present hazards to outdoor workers, particularly emergency responders and others involved in response, rescue, clean-up, and remediation.[@cit0002] In recent decades, extreme weather, such as hurricanes and wildfires, have increased in frequency and severity amplifying occupational risks.[@cit0058]

From 1992--2006, a total of 307 workers died from natural disasters. Wildfires (80), hurricanes (72), and floods (62) accounted for most of these occupational weather-related fatalities.[@cit0045] Fatal injuries were associated with different phases of the response for each of these disaster types. For wildland fires, 80% of the 80 deaths affected workers who were attempting to put out or divert the fires, whereas for hurricanes, more than 60% of the 72 deaths occurred after the disaster event and affected workers involved in clean up, restorative construction, and restoration of public utilities. For flooding events, 45% of all 62 workers who died were operating or riding in a motor vehicle at the time of the injury.[@cit0045] Models predict lightning strikes in the United States to increase 12 ± 5% per degree Celsius and occur at about 50% greater frequency over the 21st century.[@cit0063] Fifteen percent of lightning fatalities from a 2006--2013 dataset occurred during work-related activities.[@cit0064]

The increased intensity and duration of the wildland fire season due to drought can also result in more exposure of wildland firefighters to smoke and a reduced firefighter recovery time between fire seasons. Additionally, firefighters and other natural resource workers can be exposed to naturally occurring asbestos and/or erionite, fibrous mineral fibers that are potent carcinogens associated with high rates of malignant mesothelioma, during trail and forest road maintenance, timber stand grading, cutting fire lines, and while fighting fires.[@cit0065]

Extreme weather events may also force workers to remain at the worksite and prolong work hours until replacements arrive, triggering mental fatigue that increases the risk of accidents. The potential for increased rates of morbidity and mortality due to extreme weather hazards is a strong rationale for conducting hazard and vulnerability assessments to expand knowledge and target at-risk worker populations for mitigation and adaption efforts.[@cit0067] Modelling future weather-related occupational health risks requires understanding the risks from current weather, recent variations and trends, and the climate-health relationship.[@cit0068] In addition, Fayard[@cit0045] recommends researching how demographic, social, and environmental factors influence disaster outcomes to promote greater disaster preparation which should further protect worker health.

Vector-borne diseases and other biological hazards {#s0002-0005}
--------------------------------------------------

Considerable research regarding the impact of climate change on vector-borne disease and other biological hazards (venomous insects and reptiles, water-borne disease, non-vector-borne pathogens, and poisonous plants) has been conducted since 2008.[@cit0005] However, literature specifically addressing the occupational implications of those hazards to specific workers is much more limited because of the number of workers and diversity of occupations that may be affected by biological hazards. Outdoor workers are primarily at risk, including those in construction, landscaping, forestry, brush clearing, land surveying, farming, oil field and utility work, natural resources management, and wildland firefighters.[@cit0006] This increased risk stems from heightened exposure to vectors such as mosquitoes, ticks, and fleas that can transmit parasites, viruses, or bacteria.[@cit0006] In the U.S., many vector-borne diseases could directly affect workers (e.g., Lyme disease).[@cit0006]

Climate effects such as temperature influence vector transmission through their effects on range, vector growth cycles, pathogen development within the vector and subsequent introduction of new diseases into the United States.[@cit0008] Although some uncertainties remain, the evidence that climate change has contributed to the expanded range of certain vectors is considerable.[@cit0070] For example, in 2014, the first locally acquired case of Chikungunya, a vector-borne viral disease, was documented in the U.S.[@cit0033] While the introduction of Chikungunya is not thought to be due to climate change, the possibility of establishment and subsequent spread could be influenced by this process. Outdoor workers have up to a five times higher risk for Lyme disease than indoor workers.[@cit0106] The numbers of high-risk counties for Lyme disease in the United States has increased over the last 20 years by \>320% in the north-eastern states and \>250% in the north-central states.[@cit0115] Climate change is thought to be one factor that could be contributing to this spread.[@cit0115] West Nile and Zika viruses, other known vector-borne hazards to outdoor workers, may increase because of climate change. Recommendations to protect workers exposed to vector-borne diseases have been published.[@cit0100]

Along with increasing vector range, climate change has also extended the habitat or reach of organisms that cause adverse health effects. For example, the incidence of coccidioidomycosis, a fungal disease endemic in the Southwest U.S. has been associated with a number of outdoor occupations and has increased substantially from 1998--2011.[@cit0089] Drought-ridden areas may lead to outdoor workers breathing more windborne dusts with various toxicities and possibly containing harmful organisms.

Some common allergic diseases are climate sensitive. Warmer conditions favor airborne allergens (e.g., fungal spores, plant pollen, and mold). Since 1995, the ragweed pollen season has grown longer at 10 of 11 locations studied.[@cit0007] Expanded ranges for poisonous plants such as poison ivy have significant implications for outdoor workers.[@cit0008] Waterborne diarrheal disease is sensitive to climate variability, which can affect workers in occupations such as fishing and natural resource management.[@cit0077]

Because of increased growth, range, and duration of growth of pests and weeds, pesticide use is expected to increase, including use in areas where specific pesticides were not previously necessary, thus putting applicators and other workers at increased risk of exposure.[@cit0096] A secondary effect of expanded pest range is illustrated by the expansion of the Mountain Pine beetle in Western states and subsequent build-up of fuels from trees killed by beetles. An increase in wildland fires would put fire-fighters at increased risk.[@cit0136]

Industrial transitions and emerging industries {#s0002-0006}
----------------------------------------------

As society experiences, responds to, and attempts to prevent the effects of climate change industrial transitions will occur. "Green" industries including renewable energy production and the development and use of low-carbon technologies will see substantial growth.[@cit0138] In addition, some traditional industries, such as construction, are seeing a transition toward "green activities", such as retrofitting buildings for energy conservation.[@cit0139] The U.S. Bureau of Labor Statistics estimates that in 2011 there were 3.4 million "Green Goods and Services" jobs (2.6% of total U.S. employment) and greener industries are projected to experience greater job growth than less green industries.[@cit0138] Negative impacts of climate change are expected in other traditional industries such as agriculture and fishing, potentially leading to contraction of the workforce or modification of work practices.[@cit0141] Changes in the industry distributions of employment opportunities as industries experience climate change related disruption, expansion, or adaptation might lead to exposure to traditional hazards in new occupations and/or industries (e.g. slips, trips and falls, musculoskeletal disorders, chemical exposures), or the emergence of previously unidentified hazards. The transition period might be associated with job insecurity, job loss, economic migration, and additional training needs, as workers and employers adapt to the new economic environment.

### Renewable energy {#s0002-0006-0001}

In the U.S., solar and wind energy production have seen rapid growth, as has biofuel production, and hydropower continues to contribute substantially to overall electrical energy generation.[@cit0144] While it has been suggested that renewable energy production may result in fewer occupational injuries and fatalities than fossil fuel extraction and processing, each type of renewable energy production process presents unique occupational hazards in the construction, operation, and maintenance of the facilities ([Figure 2](#f0002){ref-type="fig"}). [@cit0138] Research on worker safety, particularly long-term occupational health effects, in renewable energy industries is limited. Worker safety standards and activities are often based on experience from other industries that are assumed to have similar hazards.[@cit0144] It has also been noted that as some alternative energy production industries, such as biofuel production, grow without clear and specific health and safety standards in place, workers may be exposed to unnecessary hazards.[@cit0146] Figure 2.Illustration that new "green" technologies, such as wind energy production, are not hazard free.[@cit0199] (Top right photo used with permission of the Sherman County, Oregon, Sheriff\'s office.)

### Recycling {#s0002-0006-0002}

One of the potential responses to climate change is an increase in recycling which may reduce energy needs. In 2013, over 87 million tons of municipal solid waste was recycled or composted in the U.S., which the U.S. Environmental Protection Agency estimates as resulting in an annual reduction of more than 186 million tons of carbon dioxide equivalent emissions---comparable to removing the emissions from over 39 million passenger vehicles from the road for a year.[@cit0148] Although the environmental benefits of recycling (also known as materials recovery) are clear, recycling workers are exposed to a wide variety of occupational hazards. In the U.S. during 2011--2013 there were 17 occupational fatalities among workers in materials recovery facilities. The rate of non-fatal injury in materials recovery facility workers in 2012 was 8.5 per 100 workers, compared with 5.1 per 100 for all waste management and remediation services workers, and 3.5 per 100 for all industries.[@cit0149] Specific hazards that have been identified include: acute injury in recycling center workers;[@cit0150] elevated exposures to heavy metals, polybrominated diphenyl ethers, and flame retardants in electronic waste recycling workers;[@cit0151] an increase in symptoms likely related to organic dust exposure in industrial composting facility workers;[@cit0155] and, exposure to biological agents in recycling of domestic waste including plastics, textiles, and paper products.[@cit0153] Research to assess the occupational hazards in the recycling industry is often limited by the lack of sufficiently detailed data to separate recycling workers from other waste management workers.[@cit0150]

Tracking the occupational injuries and illnesses associated with climate change related industrial transition, emerging industries, and the growth of "green jobs" is needed so more detailed research can be planned. To appropriately safeguard workers, research is needed to: better understand where it is reasonable to apply existing knowledge and safety standards in emerging industries; identify previously unrecognized hazards associated with new technologies and emerging industries; develop safer materials for "green" product construction; and assess the need for new hazardous substance exposure limits. Rapid growth and extensive construction in emerging industries also provides an opportunity to encourage the incorporation of Prevention through Design (PtD) principles to design out worker hazards in facility construction and technology development.[@cit0156]

Changes in the built environment {#s0002-0007}
--------------------------------

Climate change has implications for the built environment and the workers involved with it. Climate change resulting in sealed buildings will continue to affect exposure to air pollutants in buildings that include by-products of combustion, radon, and volatile and semi-volatile organic compounds and biological organisms such as mold.[@cit0157] Since 2008, the literature has introduced new topics and ideas related to occupational safety and health risks due to changes in the built environment including the green building movement. Studies have shown that effects of climate change can be contained or even reversed with improvements to building standards and energy consumption can be reduced with building improvements.[@cit0159] Additionally, it is likely there will be increased construction of hard structures to protect many coastal areas from flooding.[@cit0160] However, ecologists are concerned that building such structures (e.g., dikes) will destroy tidal wetlands and diminish the supply of organisms in the oceans as well as eliminating wetlands\' ability to buffer storms.[@cit0161] Nevertheless, construction workers may experience new types of settings and unfamiliar hazards as demand and incentives increase to build "green buildings."[@cit0138] The construction industry will be called upon for mitigation of a broad range of climate change problems.[@cit0158]

Programs have emerged to enhance building design to lessen the impact on the environment as well as to avoid adversely affecting the health of the occupants. For example, the Leadership in Energy and Environmental Design (LEED), developed in 2000, is a rating system that addresses environmental and building design concerns. The goal of LEED is to "make sure the performance of each building meets the environmental needs of the community as well as the building itself, maintaining a more eco-friendly design" (<http://leedcert.com/>; accessed March 28, 2015). Buildings receive credits for criteria such as location near public transit and energy efficiency. The higher the number of credits, the more sustainable the building is considered. The LEED rating system was established by the U.S. Green Building Council (<http://www.usgbc.org/leed>; accessed October 1, 2015). NIOSH successfully recommended the inclusion of worker protection standards in the LEED criteria such as improved indoor air quality, fall protection, and safe access for maintenance workers and others. Building on LEED, workers can be protected through all stages of the building life by considering Life Cycle Safety. Life Cycle Safety addresses the safety and health of workers who may be at risk during construction, maintenance, and ultimately demolition of the building (<http://www.cdc.gov/niosh/topics/greenconstruction/pdfs/lifecyclesafety2.pdf>; accessed March 28, 2015). Other aspects of the built environment include such activities as urban and landscape design. No literature was found indicating climate-related hazards to workers beyond what might be seen in construction, forestry, and landscaping.

Additional considerations {#s0003}
=========================

Mental health effects of climate-related occupational hazards {#s0003-0001}
-------------------------------------------------------------

Although this topic was identified in the initial framework,[@cit0002] there continues to be an absence of literature on the mental health effects of climate change in workers.[@cit0166] However, the link between extreme weather disasters such as floods, forest fires, heat waves, cyclones, and extreme anxiety reactions such as post-traumatic stress disorder is well established.[@cit0167] Climate change may present acute and chronic stressors that may have severe mental health effects.[@cit0166] Also, direct and indirect effects of climate change on mental health have been hypothesized.[@cit0166] Workers may also be subject to the mental health effects of climate change in general; these may interact with work-related hazards. For example, workers in a drought area may have combined psychological stress from the weather in general as well as from psychological effects of heat exposure in their jobs.[@cit0020] Or the loss of workers\' homes and property in floods could affect a worker\'s ability to concentrate and do work tasks safely. Long periods of high temperatures, heat, and drought put significant stress on communities that will be felt by workers in their jobs. Moreover, the loss of work capacity due to increasing heat exposure and the resulting loss of income is likely to cause mental health stresses in some workers.[@cit0018]

Economic burden of climate-related occupational safety and health hazards {#s0003-0002}
-------------------------------------------------------------------------

Literature on economic costs or losses related to the exposure of workers to climate changing conditions is limited but provides some useful observations. Individual, local, national, and regional economic productivity may be affected by workers slowing down and reducing their physical exertion in an attempt to prevent heat-related illness.[@cit0014] For example, Hsiang[@cit0170] illustrated that in 28 Caribbean-basin countries, the response of economic output to increased temperatures is structurally similar to the response of labor productivity to high temperatures. The study also specified that the similarity among such factors as the influence of temperature and tropical cyclones is mostly neglected in economic models predicting impacts of climate change.[@cit0170]

Similarly, Kjellstrom[@cit0171] found that in Southeast Asia about 15--20% of annual work hours may be lost in heat-exposed jobs, which may double by 2050 because of global climate change. Also, the annual cost of reduced labor productivity due to climate change at country level in 2030 can be several percent of gross domestic product, accounting for billions of U.S. dollars for medium-size countries.[@cit0171]

Some investigators have attempted to model the economic burden of diseases associated with climate change, including the economic effects of climate change on the working population. Some of these studies developed quantitative models to predict effects of different climate conditions in the future.[@cit0172] These models also address the integration of climate change adaptation into public health practice to increase future resilience and the associated economic evaluations.[@cit0012]

Although researchers have demonstrated the importance of the economic impact of reduced labor productivity because of limited work hours imposed to reduce exposures to excessive heat, few studies provide a comprehensive picture of the different economic issues related to these exposures. Additionally, there is little published research on the efficacy of interventions to reduce risks and hence economic costs of exposures of workers to the climate changing conditions. More research is needed to produce the comprehensive data to estimate the economic burden.

Geoengineering and the potential for worker hazards {#s0003-0003}
---------------------------------------------------

Geoengineering, also referred to as[^Figure\ 3^](#f0003){ref-type="fig"} "climate intervention" or "climate engineering," is defined as the intentional large-scale human manipulation of the environment.[@cit0174] It is increasingly mentioned as a way to artificially cool the planet as the threshold for CO~2~-induced irreversible climate change approaches. Geoengineering, generally based upon predictive models, is a highly controversial topic. A recent National Academy of Sciences report states that no climate interventions are substitutes for cutting emissions of CO~2~ and greenhouse gases.[@cit0174]

Some potential positive benefits of geoengineering such as cooling of the planet that would reduce the adverse human health impacts of excessive heat, flooding, droughts, influenza, malaria, etc. that result in high rates of global morbidity and mortality may be possible. However, the predictive models have indicated that a number of adverse effects associated with carbon capture storage and/or solar radiation management geoengineering could occur.[@cit0176] The Ocean Studies Board reports concluded that "there is significant potential for unanticipated, unimaginable, and regrettable consequences in multiple human dimensions from climate change modification."[@cit0174] The extent to which geoengineering would create hazards and risks for workers is unknown. One way to begin to address potential worker hazards is to develop scenarios for geoengineering and identify job tasks that would be included in those scenarios and the hazards that might arise. Hazard and operability studies, fault-tree analyses, and other risk assessment methods can be used for this purpose.

Priorities for action {#s0004}
=====================

Based on a synthesis of all the information available for each of the climate-related hazards described above, four priority areas for action were identified for the occupational safety and health community to help protect workers from climate-related hazards. [Figure 3](#f0003){ref-type="fig"} illustrates the climatic-related hazards and corresponding priorities for action: research, surveillance, risk assessment, and risk management policy. Figure 3.Priorities for action to address climate-related occupational safety and health hazards.

Research {#s0004-0001}
--------

Research is needed to increase the knowledge of climate change effects on workers and improve the options for an effective occupational safety and health response. [Table 1](#t0001){ref-type="table"} shows specific research needs in each of these categories for the specific climate-related hazards. The following steps may assist with identifying occupational safety and health research priorities. 1.**Identify the most vulnerable workers**. Changes in the environment could result in increased prevalence of heat stress, respiratory, and cardiovascular disease among certain worker populations. Outdoor workers are often the first to be exposed to the effects of climate change and are affected by temperature extremes and disease vectors for long durations and at high intensity. Extreme weather events can also put emergency, rescue, and clean-up workers in situations involving exposure to hazardous agents as well as physical and psychological risks.[@cit0002] Multidisciplinary research (atmospheric science, occupational and environmental health, epidemiology, geography, medicine, emergency preparedness, and other fields) will help quantify and forecast workers at risk by hazard, occupation, and geographic location.2.**Identify indicators of climate change effects on workers**. Indicators of occupational health status and well-being may help identify potential emerging issues and assist in determining priorities for the prevention of work-related injuries and illnesses.[@cit0182] Economic and other indicators relevant to climate change and occupational safety and health studied by Kjellstrom et al.[@cit0019] may be useful to measure the burden of occupational injury and illness and drive future research activities.3.**Determine interactions between climate, work hazards and other factors**. Assessing the interactions of climate, occupational hazards, and worker vulnerability is an important new area of research. To adequately understand the combined impact of environmental factors on workers\' health requires the collaboration and expertise of researchers in atmospheric science, environmental health, epidemiology, psychology, medicine, and other fields.[@cit0184]4.**Investigate the effectiveness of mitigation strategies and hazard controls**. Controls developed and implemented to reduce the likelihood or impact of adverse worker health outcomes potentially associated with climate change should be systematically investigated and evaluated to determine if they are effective and practical mechanisms for reducing climate change related worker safety and health hazards. The need to design and evaluate PPE for use in high heat and humidity and in extreme weather events is critical.

Surveillance {#s0004-0002}
------------

Surveillance is important in identifying and prioritizing occupational safety and health hazards related to climate change, establishing research priorities, targeting interventions, and evaluating implemented interventions and other prevention strategies to reduce work related morbidity and mortality associated with climate change events. 1.**Determine risk by hazard, occupation, and location**. The impact on occupational safety and health of climate change events such as extreme weather differs from one geographic location to another and involves factors such as local ecology, geography, water supply, worker population, and primary work activities.[@cit0185] If appropriately designed and implemented, surveillance activities can assist with identifying climate change related hazards by occupation and location, and can guide prevention and intervention efforts to reduce occupational morbidity and mortality.2.**Enhance sentinel event/early warning systems**. Early warning systems use environmental and public health data to identify and forecast regional health risks. For example, environmental variables have been used to predict outbreaks of malaria in Botswana.[@cit0187] Early warning and sentinel surveillance systems can assist with identifying, predicting, and assessing trends regarding work-related injury and illness, exposures, and other hazards. Few if any current surveillance systems can directly detect climate-related occupational illness or monitor a report, or respond to users.[@cit0001] For example, the incidence of occupational heat-related illness in the U.S. is not known.[@cit0011]3.**Modify existing surveillance systems**. Analysis of the National Center for Health Statistics\' Compressed Mortality File showed that between 1979 and 2004, extreme cold or heat accounted for 75% of climate-related deaths. These deaths may be more preventable than those caused by earth movements, floods, and storms.[@cit0188] Existing surveillance systems could possibly be modified to incorporate leading and lagging indicators, non-temperature related climate hazards (e.g., disease vectors, air pollution), reliable tracking, and health data collection systems to assist with monitoring for increased morbidity and mortality among workers associated with climate change.[@cit0189] Table 1.Framework for climate change and occupational safety and health.Research NeedsClimate-related Occupational HazardsResearchSurveillanceRisk AssessmentRisk ManagementIncreased ambient temperature• Investigate PPE for use in hot/humid environments • Assess the economic burden of heat influence on worker health and productivity• Identify geographic range of heat hazards • Identify injuries, illnesses, and deaths on hot days• Determine risks of toxic and safety effects of chemicals in hot environments • Identify the interaction of various susceptibility factors and heat hazards• Target heat illness prevention in manual workers • Assess return on investment on interventions • Develop heat stress awareness and education for employers and workersAir pollution• Assess impact of ground-level ozone on workers• Map locations of high concentrations of ground-level ozone• Assess risk to outdoor workers from the totality of airborne hazards• Develop guidance based on risk assessment of all air-borne hazardsUltraviolet radiation• Assess relationship of UV radiation and climate change at higher altitudes • Determine if solar particle events (protons reaching Earth from solar flares) will increase• Identify geographic areas with highest UV exposure• Assess risks for outdoor workers by location• Develop risk management guidance and policiesExtreme weather• Assess how social, demographic and environmental factors influence disaster outcomes and worker health • Assess mental health effects of prolonged work• Evaluate available databases to determine if there are comprehensive data on injury and illness related to extreme weather• Assess relationship between temperature and lightning strikes • Develop scenarios for worker protection after infrastructure disruption• Develop plan for targeting at risk workers • Further distribute guidance about carbon monoxide exposure in flood clean upVector-borne disease and other biological hazards^a^• Identify tasks that lead to increased workers' exposure • Assess the extent of pesticide exposure of outdoor workers• Focus surveillance to determine extent of worker populations at risk• Identify combined risk of vector-borne disease/biohazards from climate change and other causal factors (e.g., land use)• Develop guidance for employers on worker protectionIndustrial transitions and emerging industries• Assess mental health effects in workers from industrial transitions• Increase surveillance of injuries and illness in green jobs• Model risks to workers of various industrial transitions• Develop transition management plans that address workersChanges in the built environment^b^• Assess health and safety impact of various workplace designs • Identify specific tasks involved in geoengineering and their hazards• Integrate radon maps with workplace location maps• Assess risks of workers to radon from various building designs• Promote LEED standards to protect workers[^1][^2]

Risk assessment {#s0004-0003}
---------------

The following steps may assist with ensuring occupational safety and health hazard and risk assessment activities are considered and incorporated into climate change action plans. 1.**Identify new models**. The utility of current approaches to risk assessment are likely useful for climate change models but this should be assessed. Meanwhile new forecasting and risk assessment models that integrate occupational safety and health and climate data are needed to evaluate the vulnerability of health care, public health, and emergency responder systems, and to conduct workforce health impact assessments. Programs such as the Chicago Extreme Weather Operations Plan can serve as a model for activating and coordinating a response to climate-related hazards.[@cit0188]2.**Consider uncertainties**. Risk assessment involves decision-making when there are uncertainties and limited data. One source of uncertainty pertains to factors that result in variability of response to climate-related hazards. Some of these susceptibility factors include: age, immunologic status, physical condition, use of prescription drugs, degree of acclimatization, and genetics. Sensitivity analyses should be conducted utilizing these and other variables. Ultimately, risk assessment will involve the extent to which workers are exposed to climate-related hazards given these various sources of variability.

Risk management and policy development {#s0004-0004}
--------------------------------------

Research, surveillance and risk assessment activities can inform climate change risk management programs and policy development. The following steps can help ensure that risk management programs and policies incorporate occupational safety and health. 1.**Develop adaptive response/control guidance**. Since climate change presents new occupational hazards and exposures, public health and occupational safety and health professionals must adapt and respond to the issues as they emerge.[@cit0067] For example, the knowledge about the specific occupational safety and health hazards encountered in green jobs has significant gaps. If hazards unique to green jobs are identified, effective prevention campaigns, such as Prevention through Design, can be implemented as technology is developed.[@cit0156]2.**Develop employer and worker guidance**. In the U.S., employers are responsible, to the extent possible, for providing workplaces free of recognized hazards and mitigating risk to workers from hazards that cannot be eliminated. However, as Roelofs and Wegman[@cit0001] noted, "Employers may not be sufficiently prepared, empowered, educated, concerned, or compelled to protect their employees from the health impacts of climate change." Most hazards of climate change are known and the means to protect the workforce are known as well.[@cit0002] Worker guidance and educational materials are also needed to allow workers to protect themselves and advocate for employer action.3.**Incorporate consideration of worker risks into planning**. For the most part, hazard prevention programs for the workforce have not been a specific part of any state\'s climate-change action plan. Occupational safety and health should be considered a core component of any public health climate change plan. Occupational safety and health professionals should be part of the planning process and play an important role in preparing for conditions that may affect public health and in communicating the need for climate change policies that address occupational safety and health to policymakers and the public.4.**Integrate occupational safety and health with public health efforts**. Climate change is an issue where the health concerns of workers and the public at large clearly intersect. The health and productivity of the workforce reflects the health of the general population. Climate change is an issue for workers, not only because they can be affected in their current workplace, but also because the people who are expected to be responsible for first response and recovery are workers and volunteers. Climate change models must be scaled to identify vulnerable areas and populations, locally and regionally, and identify and address vulnerable worker subpopulations.5.**Improve risk communication**. Enhancing integration of climate action networks with health communication and surveillance tools is a requirement for effective risk communication. For example, in an effort to reduce heat-related events, the Occupational Safety and Health Administration partnered with the National Oceanic and Atmospheric Administration on weather service alerts that incorporate worker safety precautions and worker safety information (<https://www.osha.gov/SLTC/heatillness/index.html>).6.**Enhance preparedness efforts**. Anticipating hazards and future risks to workers is the basis for preparation to prevent or minimize them. Preparedness also requires assessment of capacity for developing and implementing prevention, mitigation, adaptation, and resilience programs for workers.[@cit0190] These efforts may require working with state and local health and labor departments. Preparedness related to workers should have outdoor workers as a primary focus. To enhance preparedness, increased awareness among authorities, decision-makers, occupational safety and health practitioners, employers, and workers about climate-related hazards to workers is needed. An Executive Order 13514 on sustainability performance goals issued in 2009 (and since revoked) is one example of an attempt to raise this awareness at the Federal level.[@cit0190]

Next steps {#s0004-0005}
----------

The recent scientific literature indicates that climate change is presenting and will continue to present occupational safety and health hazards to workers. The information available about each of the climate-related hazards has grown, leading to the identification of new priorities for action.[@cit0201] However, numerous critical questions still need to be resolved regarding specific hazards, appropriate sentinel events, risk assessment, and preventive actions. Additional surveillance, research, and risk assessment activities are needed to better characterize and understand how occupational safety and health may be associated with climate change events. Nonetheless, useful prevention actions can be taken while these characterization activities are carried out.

Integrating climate change and occupational health information into a comprehensive adaptation planning process may yield the largest health improvements and savings.[@cit0193] Tools to enable this include checklists for scenarios involving increased prevalence, severity, or distribution of occupational safety and health hazards; inventories and maps of resources, capacity, and vulnerability; partnerships between decision makers and occupational safety and health resource groups; and regional or national symposia to discuss strategies and identify collaborative opportunities. This updated framework and priorities for action provide additional tools to assist the occupational safety and health and public health communities to protect workers from potential hazards and adverse impacts of climate change.
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Disclaimer
==========

The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the National Institute for Occupational Safety and Health.

[^1]: ^a^Name modified to include other biological hazards

[^2]: ^b^Includes geoengineering
